Accommodation, or the change in refractive power of the eye to focus objects at different distances, is driven by many stimuli including defocus blur, the awareness of target distance or proximal cues, and through the vergence crosslink (convergence accommodation). The effectiveness of defocus blur as an accommodative stimulus is decreased in normally-sighted subjects as visual acuity is experimentally reduced and as the target is imaged at increasing eccentricities from the fovea. Since subjects with central retinal abnormalities have reduced visual acuity and typically fixate eccentrically, one would predict that defocus blur would not be an effective accommodative stimulus for them. Using an infrared optometer, steady-state accommodative responses of six subjects with juvenile macular degeneration (JMD) and of three normally-sighted controls were measured. The effectiveness of defocus blur in stimulating accommodation varied across the subjects and was related to visual acuity, with those subjects having worse acuity showing less accurate accommodative responses. When provided with additional cues to accommodative demand (i.e. proximal and]or binocular cues), subjects with JMD showed more accurate accommodative responses. In general, those subjects who did not modulate accommodative response with changing defocus blur cues showed the most accurate accommodation under binocular viewing. In contrast, those subjects who did change accommodative response with changing defocus blur cues showed the most accurate accommodation under monocular viewing.
INTRODUCTION
Accommodation is a change in the refractive power of the eye to provide a ,:lear retinal image of objects at various distances. Under natural conditions, the accommodative system is driven by many different stimuli (Maddox, 1893; Heath, 1956a; Toates, 1972) . Defocus blur caused by improper focus of the eye is often considered to be the primary stimulus to accommodation (Heath, 1956a; Campbell & Westheimer, 1960) . However, convergence of the eyes also drives the accommodative system (Fincham & Walton, 1957) ; in fact, Fincham (1951) argued that vergence acts as the coarse adjustment of the accommodative system with defocus blur acting as the fine adjustment. Other stimuli include cues to proximity of the target and chromatic aberration (Fincham, 1951; Heath, 1956a; Kruger & Pola, 1986) .
The effectiveness of defocus blur as a stimulus to accommodation has been shown to vary with manipulation of the target. Its effectiveness decreases as the minimum angle of resolution of a normally-sighted subject is experimentally increased, e.g. by placing ground glass plate(s) in front of the target (Heath, *College of Optometry, University of Houston, Houston, TX 77204-6052, U.S.A. [Email opto25@jetson.uh, edu] . tTo whom all correspondence should be addressed. 1956b). Its effectiveness is also decreased with increasing eccentricity of the target's image from the fovea (Phillips, 1974; Gu & Legge, 1987) . These findings, based on normally-sighted subjects, could have direct implications for the accommodative abilities of patients who develop bilateral central retinal disease.
Patients with central retinal disease have reduced visual acuity and, with time, usually learn to fixate eccentrically or position the eye to image the fixation target at a nonfoveal locus (Cummings, Whittaker, Watson & Budd, 1985; Timberlake, Mainster, Peli, Augliere, Essock & Arend, 1986; White & Bedell, 1990) . Based on the studies mentioned above, showing decreased effectiveness of defocus blur as an accommodative stimulus in normally-sighted subjects, one might expect blur to be a relatively ineffective stimulus to accommodation in patients with central retinal disease. Unreliable accommodative responses have been reported in two groups of patients with central retinal abnormalities: those with organic macular lesions (Otto & Safra, 1975) and those with achromatopsia (Heath, 1956c) . In contrast, many young patients with central retinal abnormalities do not present clinically with complaints that are suggestive of accommodative difficulties. These patients may be relying on cues other than defocus blur to drive accommodation. Indeed, accommodative 873 874 JANIS M. WHITE and BRUCE WICK responses of the subjects with organic macular lesions have been measured only under monocular viewing conditions (Otto & Safra, 1975) , ruling out accommodation driven through the vergence crosslink (Fincham & Walton, 1957; Kersten & Legge, 1983; Schor & Kotulak, 1986) . The subjects with achromatopsia showed very little accommodative response to targets presented in a Badal optometer system, also under monocular conditions (Heath, 1956c) . However, at least one of Heath's three achromats showed accommodative responses which increased appropriately when the target was presented at various distances under binocular conditions.
The purpose of this study was to evaluate the accommodative capabilities of young subjects with central retinal disease. Three stimulus conditions, designed to provide different cues to accommodation, were used to evaluate the relative effectiveness of these cues in subjects with juvenile macular degeneration.
METHODS
Six subjects with juvenile macular degeneration (JMD) (ages 19-34) were recruited from the University of Houston/Lighthouse of Houston Vision Rehabilitation Clinic, and three normally-sighted controls (ages 24-31) were recruited from the University of Houston, College of Optometry. Participation was voluntary and informed consent was obtained from each. Characteristics of the subjects with JMD are presented in Table 1 . Acuities were measured at 10 ft with a Feinbloom chart, which has lines of high-contrast printed numbers including those equivalent to 10/30, 10/40, 10/60, 10/80, 10/100, 10/120 and 10/140. Subjects with JMD had acuities ranging from 10/40 to 10/120 (minimum angle of resolution, MAR, ranging from 4 to 12min arc). In addition to having JMD, S1 showed a 30-prism diopter alternating exotropia; all other subjects had normal eye alignment.
Accommodation was measured under three conditions intended to provide different cue(s) to accommodation: the Badal condition, the monocular condition, and the binocular condition. For each condition and at each demand, the target was a line of high-contrast letters, reproduced from a Bailey-Lovie chart (corn-TABLE 1. Characteristics of subjects with JMD (S1-$6) and normally-sighted controls (N1-N3) Acuity (MAR)  Age at  Subject  Age  OD  OS  diagnosis   S1  27  12  12  8  $2  29  10  12  15  $3  26  10  10  9  $4  34  l0  10  16  $5  19  8  10  12  $6  29  4  6  20  N1  24  1  1  --N2  27  1  1  --N3  31  1  1  -- posed of lines of five high-contrast letters, in logarithmic steps). For each condition, the letters were always one line larger than the subject's visual acuity. For example, $5 had a distance visual acuity of 10/80 and, during the study, was presented with a line of 10/100 letters. Under the Badal condition, subjects viewed the target through a Badal lens focused at the entrance pupil of the right eye. Under this condition, accommodative demand can be changed with no associated change in the visual angle subtended by the target (Ogle, 1968) . Therefore, the primary cue to accommodation is defocus blur. Under the monocular condition, subjects viewed the target, positioned at different distances, with the right eye. This condition provides defocus blur and proximity cues to accommodation. Under the binocular condition, subjects viewed the target at different distances with both eyes, providing defocus blur, proximity and binocular cues. Under all three conditions, the target was illuminated with white light so that chromatic aberration was available as a cue to accommodation. For most subjects, the accommodative demand ranged from 0 to 5 D under the Badal condition and from 0.3 to 6D under the monocular and binocular conditions. At least two repetitions under each condition were included; one with increasing and one with decreasing accommodative demands. Responses were measured first under the Badal condition with increasing demands, then under the monocular condition with decreasing demands and finally, under the binocular condition with increasing demands. Then, responses were measured with the order of conditions reversed. Positioned in a chin rest, the subject was instructed to clear the highcontrast letters, which he/she viewed for several minutes at each accommodative demand. Breaks were taken between the various conditions and as needed by each subject. The data for each subject were collected in one session which lasted approx. 90 min.
Refractive power of the right eye was measured with an SRI servo-controlled infrared optometer, which provides an electrical signal proportional to the instantaneous refractive power of the eye (Cornsweet & Crane, 1970; Crane & Steele, 1978) . The optometer was maintained in alignment by tracking the horizontal and vertical positions of the right eye with a dual Purkinjeimage eyetracker. To increase the amount of light available to the optometer, the fight eye was dilated with a weak sympathomimetic, 2.5% phenylephrine. To minimize measurement errors caused by changes in horizontal eye position, the target was always moved along the line of sight of the right eye. Average refractive power was estimated from optometer readings across at least 15 sec of steady viewing of each target. The optometer reading is determined by both the distance refractive error and the accommodative response. Therefore, the accommodative response at each demand was calculated from the optometer reading and from the distance refractive error, measured by streak retinoscopy immediately before and after the experiment. Plotted points show the averages of at least two measures of accommodation at each demand. 
RESULTS

AccommodathJe responses of control subjects
Steady-state accommodative responses of the normally-sighted control subjects appeared similar across subjects and across the three conditions. Data averaged across the control subjects are shown as stimulus/response plots, with accommodative stimulus or demand on the horizontal axis and response on the vertical (Fig. 1) ; data elicited under each of the three conditions are shown. The curves connecting the points tend to flatten at demands >4D with the responses averaging between 3.5 and 4.5 D, which is consistent with the findings of Morgan (1944) , who used a group of 20-30 yr old subject:~, and with the objective findings of Sun, Stark, Nguyen, Wong, Lakshminarayanan and Mueller (1988) .
To characterize the stimulus/response data, two indices were calculated: the slope and the steady-state error. Steady-state accommodative responses can be described as a linear function of demand within the range of effective accommodation, showing a leveling of responses at both high and low demands (Toates, 1972) . Therefore, the slope was determined for the line fit to the data across the central linear range [at demands from 1 to 4 D (Charman, 1986) ]. The slope is used as an index of the increase in response with increasing demand, with a slope of 1 indicating response increasing equally with demand. Table 2 show:; the slope under each condition, averaged across the control subjects. The generally low slopes of our controls could be attributed to their inexperience (Heath, 1956b) . For the three control subjects, the slope under the binocular condition is the lowest. The steady-state error was calculated as the average absolute difference between the demand and the response, across demands from 1 to 4 D, for each subject. Steady-state errors averaged across the controls are shown in Table 3 . In general, accommodative responses of the controls were reasonably accurate with errors for individual subjects ranging from 0.20 to 0.84 D. The average steady-state error is similar for the three conditions.
Accommodative responses of subjects with JMD
The Badal condition. With primarily defocus blur cues (under the Badal condition), subjects with JMD accomodated less accurately than controls. The steady-state responses of subjects with JMD differed from the responses of controls in one of two ways: (1) the accommodative response did not vary with the demand; or (2) there was a large lead of accommodation at most demands. As expected, three of the subjects with JMD (S1, $2 and $3) showed little change in accommodative response as the blur demand increased (their responses are shown in the left panel of Fig. 2 , by triangles connected by bold lines). These subjects accommodated at an approximately fixed level (1.05, 3.40 and 2.60 D, respectively) regardless of the demand. Although the other three subjects with JMD ($4, $5 and $6) showed an increasing accommodative response with increasing blur demand, an abnormally large lead of accommodation was noted at most demands (see right panel of Fig. 2 ). In contrast to the average steady-state error among controls of 0.43 D, the average error of each of these three subjects with JMD is 0.68, 0.81 and 1.53 D, respectively (Table 3 ). An unusually large lead of accommodation was also demonstrated by one of Heath's achromats (1956c) . Such a steady-state accommodative error is probably not that detrimental to these patients' visual function due to the greater tolerance for defocus found in eyes with low visual acuity (Green, Powers & Banks, 1980; Legge, MuUen, Woo & Campbell, 1987) .
The monocular condition. With the addition of proximity cues (under the monocular condition), accommodative responses of subjects with JMD were more accurate than responses under the Badal condition. Figure 2 shows the comparison between accommodative stimulus/response data under the monocular condition (solid circles) and the Badal condition (triangles and bold lines). Under the monocular condition, the stimulus/response slope of all of the subjects with JMD is higher than the slope under the Badal condition (see Table 2 ). This increase in slope for the monocular condition is statistically significant (sign test, P < 0.05). Although accommodative responses were more accurate under the monocuhtr condition, three subjects with JMD (S1, $2 and $3) still had slopes which are much less than the average slope of the control subjects; one of these (S1) showed almost no change in accommodation across demands.
Steady-state errors of accommodation continued to be high under the monocular condition (see Table 3 ). One subject ($5), who showed a lead of accommodation under the Badal condition (0.81 D), showed a smaller lead (0.35 D), which i,; close to the average steadystate error of controls (0.46 D); subjects 4 and 6 had leads similar to or slightly greater than those shown under the Badal condition. Of the three remaining subjects, two showed a steady-state error of accommodation > 1 D.
The binocular condition. Across subjects with JMD, accommodative responses under the binocular condition (represented by the open circles in Fig. 2) were slightly closer to normal than or similar to those under the monocular condition. Repeated measures analysis of variance run using MANOVA indicated that there are differences among the mean slopes for the three conditions (P < 0.05). Subsequent analysis using Tukey's HSD test revealed that the only pair of slopes which is significantly different is that for the Badal and binocular conditions (P < 0.05). The quantitative difference in slope between the Badal and monocular conditions and between the monocular and binocular conditions probably did not reac!h significance due to the large variability among subjects.
The subjects with JM]D can be divided into two groups based on the slope of their responses under the binocular condition compared to the other two conditions ( Table 2 ). The first group of subjects (S1, $2 and $3) had the highest stimulus/response slope under the binocular condition but showed little or no change in accommodative response under the Badal condition; for convenience, these three will be referred to as blur nonresponders. In contrast, the second group of subjects ($4, $5 and $6) had slopes under the binocular condition which are less than or similar to the slopes under the monocular condition and they modulated their accommodative response under the Badal condition; these subjects will be referred to as blur responders. The normally-sighted control subjects showed the same pattern as the blur responders.
Overall, under the binocular condition, the slope of five of the six subjects with JMD is greater than the average of the controls (Table 2 ). In addition, three of these five had steady state errors of accommodation which are similar to the average of controls (Table 3) . These findings show tlhat under natural viewing conditions, subjects with JMD can use other cues, instead of or in addition to defocus blur, to drive accommodation effectively.
Variability in accommodative responses under the Badal condition
The accommodative response to defocus blur varied substantially across subjects. Slopes of the line fit to the data (from the Badal condition) of the subjects with JMD reflect this variability, ranging from 0.00 to 0.78 (see Table 2 ). The slope for one subject with JMD ($3), which is actually slightly negative, was assigned a value of 0.00. Charman (1986) reviewed a number of factors which can affect the magnitude of the accommodative stimulus/response slope, including minimum angle of resolution. Much of the variability in slope across our subjects can be accounted for by variability in minimum angle of resolution. Figure 3 shows that the stimulus/response slope decreases with increasing minimum angle of resolution across all of the subjects (r = 0.83, P < 0.005).
An argument could also be made for the role of contrast sensitivity in determining the accuracy of accommodative responses to defocus blur. Owens (1980) has shown that accommodative responses are most accurate for sine-wave gratings that are of the peak spatial frequency of the contrast sensitivity function. Originally, due to the length of time required for the accommodative testing, we did not assess the subjects' contrast sensitivity. Later, we recalled one of the three controls and five of the six subjects with JMD to quantify contrast sensitivity functions (the subject with JMD with the highest stimulus/response slope under the Badal condition, $6, could not be contacted). Contrast sensitivity was measured with vertical sine-wave gratings using a modified tracking method, as described in Loshin and White (1985) . The spatial frequency and sensitivity at the peak of the contrast sensitivity function were determined for each of the six subjects. For the normally-sighted control, the peak of the contrast sensitivity 
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function was at 6 c/deg where the contrast at threshold was 0.22%. The peak of the contrast sensitivity function for the subjects with JMD was shifted to lower spatial frequencies (1 or 2c/deg) and higher contrasts at threshold (1.86-13.84%). Across the subset of subjects whose contrast sensitivity was tested, there is a relationship between peak spatial frequency and slope of the Badal stimulus/response curve (r = 0.65). However, this relationship is weaker than the relation between visual acuity and stimulus/response slope (r = 0.80, for the subset of 6 subjects).
DISCUSSION
Our findings confirm previous reports that patients with central retinal disease accommodate less accurately than normally-sighted patients when the primary stimulus to accommodation is defocus blur. Inaccurate accommodation could be due to sensory abnormalities limiting the ability to detect the need for accommodative change or to motor abnormalities in effecting accommodative change. Since most of the subjects responded more accurately under the monocular and binocular conditions, a motor abnormality is not likely. More likely is the possibility that visual sensory abnormalities, such as reduced visual acuity and/or reduced contrast sensitivity, increase the depth of focus and subsequently, decrease accommodative accuracy. An increase in depth of focus could account for the less accurate accommodative responses if we assume that the steady-state response will remain at a position as close as possible to the resting position of accommodation, without allowing the target to appear blurred (Gu & Legge, 1987) . The depth of focus has been related to visual acuity, in a formula derived by Green et al. (1980) , such that the worse the visual acuity, the larger the depth of focus. This implies that for our subjects, those with worse visual acuity should have less accurate accommodative responses to the defocus blur stimulus. We evaluated this by relating visual acuity (more specifically, minimum angle of resolution) to the slope of the stimulus/response curve (see Fig. 3 ) and indeed, there is a significant relation between the two. A relation similar to ours was previously shown in the monocular accommodative responses of another group of subjects, with reduced acuity due to amblyopia (Wood & Tomlinson, 1975; Hung, Ciuffreda, Semmlow & Hokoda, 1983; Charman, 1986) .
Another potential explanation for the inaccurate accommodative responses to defocus blur is that the peak and, in fact, the entire contrast sensitivity function of the subjects with JMD are shifted to lower spatial frequencies. A larger depth of focus occurs with lower spatial frequencies (Green et al., 1980) . If we again assume that the steady-state accommodative response will be as close as possible to the resting position without allowing target blur, then the shift in the contrast sensitivity function to lower spatial frequencies may account for the lower accommodative accuracy. Our data are consistent with this explanation. However, due to the limited range in peak spatial frequency across our subjects, the relation between peak spatial frequency and stimulus/response slope is not strong. Across the six subjects for whom contrast sensitivity was measured, peak spatial frequency and minimum angle of resolution are strongly related (r = 0.97). This implies that the relation between peak spatial frequency and stimulus/response slope would likely be similar to the relation between minimum angle of resolution and stimulus/response slope had the range of peak spatial frequency been as large as the range of minimum angle of resolution.
When provided with proximal in addition to defocus blur cues (under the monocular condition), subjects with JMD accommodate more accurately. The proximal cues could drive accommodation directly and/or they could drive vergence and then, through the vergence crosslink, drive accommodation (Fincham & Walton, 1957; Kersten & Legge, 1983; Schor & Kotulak, 1986) . There is some evidence for the existence of proximal accommodation. Using targets sinusoidally varying in size (looming), McLin, Schor and Kruger (1988) found accommodative and vergence changes. Their analysis indicated that in most subjects, the looming target stimulated primarily accommodation and, through the AC/A crosslink, stimulated vergence (i.e. accommodative convergence). However, others have argued against the primacy of proximal accommodation (Alpern, 1958; Morgan, 1968; Wick & Bedell, 1989) . It is probable that proximal cues can drive accommodation and/or vergence, depending upon the stimulus, the task and the subject. Regardless of whether proximal cues drive primarily accommodation or vergence, the monocular accommodative responses of subjects with JMD are more accurate when, in addition to defocus blur, proximal cues are also available.
Based on the accuracy of accommodation under the binocular condition compared to under the other two conditions, our subjects could be divided into two groups: (1) the blur nonresponders, who show little modulation in accommodation under the Badal condition and the most accurate accommodation under binocular viewing; and (2) the blur responders, who modulate accommodation under the Badal condition and have similar or slightly less accurate accommodation under binocular compared to under monocular viewing. We realize that this division of subjects into two groups is somewhat arbitrary and that rather than two discrete groups, there may well be a continuum of subjects with JMD with extreme responses represented by the two groups. As stated, the blur nonresponders had the most accurate accommodation under binocular viewing. In fact, for two of the three, accommodative responses are almost indistinguishable from those of controls under binocular viewing. One explanation for the improvement under binocular viewing is that disparity-driven vergence is present under binocular viewing and this vergence drives accommodation through the vergence-accommodation crosslink.
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Very little has been reported about vergence responses in patients with JMD other than one case report of a patient who eccentrically fixated with an area 4 deg above the fovea in each eye and showed a normal range of fusional eye movements, "probably peripheral in type" (Dalgleish & Naylor, 1963) . Normally-sighted subjects viewing with an artificial central scotoma in both eyes make vergence eye movements to disparity stimuli; their motor responses are similar to those made with full-field viewing when the artificial scotomata are small but are smaller in magnitude when the scotomata are large (Boman & Kertesz, 1985a) . These results suggest that disparity-driven vergence eye movements are present in patients with JMD but that the movements may be smaller than normal in some. It is noteworthy that of the three blur nonresponders, the subject who had the least accurate binocular responses (S1) is exotropic. Although strabismics have been shown to make disparity vergence eye movements to stimuli extending into the peripheral field, their motor responses are smaller in magnitude than those of normally-sighted controls (Boman & Kertesz, 1985b) . Taken together, these findings support the possibility of vergence-accommodation underlying the accurate accommodative responses with binocular viewing in the three blur nonresponders.
Unexpectedly, binocular accommodative responses are similar to or worse than monocular responses for the blur responders. The average slope and steady-state error for the three blur responders with JMD is 0.88 and 0.89 D for monocular viewing and 0.77 and 0.99 D for binocular viewing. Compared to monocular viewing, the normally-sighted control subjects also show a lower slope, but a slightly smaller steady-state error under binocular viewing. In contrast to blur nonresponders, blur responders (both the three subjects with JMD and the controls) modulate accommodative responses to defocus blur cues alone. Therefore, under binocular viewing, blur-driven accommodation as well as disparity-driven vergence and the crosslink interactions between accommodation and vergence (i.e. accommodative vergence and vergence accommodation) will be active. One way of considering the difference between the monocular and binocular conditions is that under monocular viewing, the disparity-vergence feedback loop is opened and under binocular viewing, the disparityvergence loop is closed. When the vergence loop is closed (and with a blur-driven accommodative response), the crosslink interactions bel:ween accommodation and vergence are operative and could, theoretically, lead to less accurate accommodative responses. The analogous finding, of larger errors in the vergence response (fixation disparity) when the accc,mmodative loop is closed than when the accommodative loop is opened, has been attributed to the crosslink interactions between accommodation and vergence (Semmlow & Hung, 1979) . Further study is needed to determine whether the crosslink interactions between accommodation and vergence account for the less accurate accommodation under binocular viewing in our blur responders.
Clinical implications
To see standard size print, patients with central retinal abnormalities must hold the print at closer distances than the typical 40 cm. Our results show significant variability across patients with JMD but, in general, suggest that under the most natural viewing conditions (like our binocular condition), patients with JMD should be able to accommodate fairly accurately. This is consistent with clinical observations that young patients with JMD seldom complain about their near vision. However, given the closer viewing distance, the accommodative demand will be >2.5D. Logically, then, these patients will experience the effects of presbyopia at younger ages and require a reading lens of higher power than normally-sighted patients. Furthermore, our results imply that the clinical practice of occluding an eye of low vision patients for near work may decrease the effectiveness of the accommodative stimulus for some patients by eliminating the disparity-vergence drive to accommodation.
